SIT Graduate Institute/SIT Study Abroad

SIT Digital Collections
Independent Study Project (ISP) Collection

SIT Study Abroad

Fall 2021

Science is for Everybody: A resource for understanding glaciers,
climate, and modeling
Emma Watson
SIT Study Abroad

Follow this and additional works at: https://digitalcollections.sit.edu/isp_collection
Part of the Climate Commons, Data Science Commons, Environmental Monitoring Commons,
Glaciology Commons, Place and Environment Commons, and the Statistical Models Commons

Recommended Citation
Watson, Emma, "Science is for Everybody: A resource for understanding glaciers, climate, and modeling"
(2021). Independent Study Project (ISP) Collection. 3435.
https://digitalcollections.sit.edu/isp_collection/3435

This Unpublished Paper is brought to you for free and open access by the SIT Study Abroad at SIT Digital
Collections. It has been accepted for inclusion in Independent Study Project (ISP) Collection by an authorized
administrator of SIT Digital Collections. For more information, please contact digitalcollections@sit.edu.

Science is for Everybody:
A resource for understanding glaciers, climate, and modeling
Emma Watson
SIT Study Abroad Iceland: Climate Change and the Arctic
Independent Study Project
November 2021

Table of Contents
Abstract

3

Context
KNMI Climate Explorer
PHeT
OGGM-edu

4
5
6
6

Purpose

7

Methods

7

Ethics

8

Results

8

Conclusion/Discussion
Website layout and overview
Audience and accessibility
Limitations and future directions

8
8
9
10

Acknowledgements

11

References

12

Appendix A: the (academic) contents of my website (text and pictures, minus formatting)
Glaciers
Why do glaciers surge?
Glacial Movement
Why does ice melt more easily with increased pressure?
How glaciers change
What is sublimation?
Glacial composition
Equilibrium line
Drangajökull
History and characteristics
Climate
Climate change: an overview
Glacial response to climate variations
Glacial contributions to climate change
How thick is too thick?
Ok(jökull): the future comes to meet us
Modeling
What is a model?
Why use models?

14
14
14
15
15
16
16
17
18
20
21
22
22
23
24
24
25
26
26
27
1

The use of grounding data
Digital Elevation Models (DEMs)
Certainty in modeling output
Equilibrium
Tipping point
Appendix B: a complete reference list for my creative project

27
28
28
28
30
32

2

Abstract
Climate change threatens the existence of glaciers worldwide. In order to properly interact with these
changing systems, we must first understand them. Glacial models provide an excellent way to do this;
however, the language and mathematical concepts used in their creation is generally inaccessible to a
common audience. This project presents an online resource for a general audience to interact with climate
science, glaciology, and glacial modeling. Long term goals for the project include the incorporation of a
glacial model of Drangajökull, Vestfirðir, NW Iceland. As such, focus for the project includes a literature
review of glaciers, Drangajökull in particular, climate science, and mathematical modeling (as related to
glaciers). In an effort to increase accessibility, plain language is prioritized over specific vocabulary, being
careful not to reduce clarity or present false information. Results can be found at glaciersite.webflow.io.
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Context
The climate has been steadily warming since the 1950s. In October of 2021, the Mauna Loa
Observatory measured the atmosphere to contain 413.93 ppm of CO₂ (US Department of Commerce,
2021). This increase in atmospheric CO₂ levels is unquestionably attributable to anthropogenic sources
(Myhre et al., 2013).
Melting and retreat are normal glacial responses to natural variations in climate. However, the
retreat rates of glaciers in the past couple decades are an undoubted result of anthropogenic forcings.
From 1851-2010, human activity accounted for 25 ± 35% of glacial mass loss, and this increases to 69 ±
24% if we look at 1991-2010 (Marzeion et al., 2014). As a result of this changing climate, temperatures
are warming and precipitation patterns are changing (ex. Mote et al., 2003). These two factors combine
and the glacier is now shrinking faster and growing slower.
Icelandic glaciers show slower rates of thinning than the global trend, but they still fit into the
larger picture of thinning from 2000-2004 (Hugonnet et al., 2021). From the beginning of the 21st century
to 2008, Hofsjökull is losing mass at three times the rate it was from 1986-1999 (Jóhannesson et al.,
2013). If the climate persists as it has been, small glaciers such as Eyafjallajökull, Tindfjallajökull, and
Torfajökull will most likely not last more than a couple decades (Jóhannesson et al., 2013).
Hearing this, one might be tempted to play glaciers as victims of a warming climate. This is true,
to some level, but glaciers are part of this same global system and the natural cycles that regulate climate
are still at play. Glaciers are impacted by the changing climate, yes, but they are still players in the game.
Dust left over from summer melt on top of a glacier decreases albedo and warms the glacier (Shakya et
al., 2000). This is a positive feedback loop, since the accumulation of dust is caused by rising
temperatures, the black dust absorbs light, melting the glacier and warming the climate. The temperatures
continue to rise and the glaciers continue melting.
We know that glaciers are integral to the larger climate system and both affect and are affected by
the changes imposed by humans in the last century. How can we effectively interact with this system?
Modeling provides a great answer to this question, allowing scientists to understand these large systems
today, in the past, and into the future. A follow up question to this is How can we translate modeling
science to public knowledge? Most, if not all, scientific modeling papers contain several layers of
language barriers in the form of technical jargon. This inhibits their accessibility to the public
significantly. However, this is exactly who it needs to be communicated with. Politics will always depend
on public opinion and if we want science to direct policies, we must first communicate this science with a
wider audience.
How can we effectively communicate these ideas to the public? Bruin and Bostrom stress the
necessity of keeping the audience in mind and making sure the explanation of the concept is presented in
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a way that the listener will be receptive to (Bruin and Bostrom, 2013). This is more of an issue when
talking about highly controversial topics, but is still an important thing to always keep in mind as a
communicator. In addition, it’s important to make sure to be aware of the degree of background
knowledge on a subject. A talk aimed at elementary schoolers will sound different than one aimed at
graduate students, and both talks would be disastrous in the opposite settings. Glynn talks about the
importance of analogies in teaching concepts. Analogies are not as prioritized in teaching how to teach,
primarily because there is no concrete way to create or judge the quality of an analogy (Glynn et al.,
1991). I would argue these are incredibly powerful tools, especially when dealing with intangible things
or abstract concepts.
In my project, I seek to create a resource that will (1) communicate scientific ideas clearly and
effectively to a general audience and (2) through this communication, allow people to interact with
modeling science in an exploratory and meaningful way. To do this, I plan to create a website that has a
teaching part and an interactive glacial modeling part. Any new resource created must contextualize itself
with previous resources of kind; in my case, online climate models. I sampled three and below provide a
review of each site, laying out the pieces I plan to incorporate into my own version and those I plan on
avoiding (“pros” and “cons”).1

KNMI Climate Explorer
http://climexp.knmi.nl/start.cgi
KNMI (a project of the Royal Netherlands Meteorological Institute) was the first climate modeling site I
interacted with. It is an incredibly high-powered resource with access to incredible amounts of data. I
liked how the modeling interface works (choose parameters first, get a single run of the model as output)
and how it can be used in many different ways, depending on the purpose. The main thing that bothered
me about this model was how difficult it was to find the model itself. In order to actually interact with the
website, you must first choose which time series or field you want to be working with. This is a great
functionality for people who are familiar enough with time series and fields to pick one at the outset of
their modeling. It’s incredibly confusing for a user who is not familiar with either of those terms and is
looking to learn more about modeling. Once I got to the model, there were a lot of parameter choices. In
the big picture, this is also a really good thing. More parameters means more customization, which in turn
increases the applicability of the modeling output to your initial question. For me, an undergraduate
student with little exposure to these topics, it was overwhelming and I was too distracted by all the
choices to fully be able to work the model. I wanted all of the technical terms (“RCM: CORDEX Europe
1

I do not claim to have created a better model than these ones I surveyed. However, their functions and
shortcomings informed my decision making process.
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50 km (uncorrected),” “IPCC WG1”) to be explained and all of the data sets to be contextualized. In
short, the KNMI climate explorer is an incredible resource with a great deal of functionality. The tradeoff
to this is that it caters to a specific audience: one who knows what they’re looking for.
pros: static output, single run
cons: high level of complexity, difficult user interface

PHeT
http://phet.colorado.edu/en/simulation/glaciers
PHeT (PHysics Education Technology) is a collection of simulations run by the University of Colorado,
Boulder. It’s an extensive resource and is really helpful for visualizing a wide variety of concepts, across
disciplines and complexity levels. This model is really nice for a simple idea of how a glacier moves, the
graphics are well rendered, and it’s easy to manipulate. It’s a great starting point. For me, the simplified
cartoon graphics reduced my belief in the legitimacy of the model. Additionally, the user is allowed to
alter the parameters while the model is running. This is useful from an exploratory learning perspective
but could, in the long run, propose some incorrect assumptions about how modeling works.
pros: excellent graphics, simple
cons: perhaps too simple, could prompt incorrect conclusions about modeling itself

OGGM-edu
https://edu.oggm.org/en/latest/simulator.html
I really liked the functionality and ease of use of this model. It has a lot of parameter choices, but they are
pre-set to a “default” setting so you can run the model exploratorily and then tweak the parameters
afterwards. The parameters are easy to understand and the options for said parameters are written in plain
language (“width along glacier” can be “constant,” “getting narrower,” “getting wider,” etc.). It includes
several different types of plots which are all very clear and labeled. It has a little “help menu” at the top
that walks the user through the different tabs on the left, providing some assistance with the more
complicated parameter choices. The graphics provide a clear visual for the model (but not oversimplified
to where the user is skeptical about the applicability of the model). The main thing I wished about this
model is that it allowed for projection into the future and/or interacted with the discussion on climate
change. It doesn’t have an option for choosing temperature or precipitation. In all, this is a very well put
together model, its graphics are very clear and well rendered, and it has varying levels of functionality. It
is an amazing teaching tool, but lacking in adaptation to climate projections.
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pros: wonderful graphics, single run, very customizable
cons: no functionality for future projections

Purpose
How can I effectively communicate scientific concepts to a general audience, engaging them in
the topic of glacial modeling and climate science? The purpose of this project is to create a tool that
effectively communicates glacial modeling science to people. This includes both an interactive model and
background information to contextualize the model. It will be a free online resource to reduce and/or
remove barriers to access.

Methods
I set out to review the literature and create an informational website explaining the concepts I had
come across in my research. A large part of the inspiration for my project was the KNMI climate explorer
and the roadblocks I ran into while trying to model from there. As such, I prioritized plain language
explanations, diagrams, and a logical, clear flow of information. I specifically wanted to have the
modeling portion of the website be easily and clearly accessible from any page of the website. My other
main objective was to fully explain any necessary/wanted information relevant to the model on the
website itself. The other modeling sites I looked at were much more focused on presenting the model than
contextualizing it.
In terms of creating the website itself, I first attempted to create the model with Hugo
(gohugo.io), an open source static site creation tool based in html and Markdown. This was intended to
give me maximum flexibility with the creation of my site and complete control of the modeling portion.
However, I do not have a strong coding background and this part of the project proved to be taking more
time than I was getting out of it content-wise. After talking with Holland Dotts (a web developer), I
transitioned to working with Webflow (webflow.io), a visual coding platform that still allows for versatile
functionality. This streamlined the website creation of my project significantly and I was able to focus on
the content of my site instead of the underlying code.
For the model, I initially planned on using a version of a model of Drangajökull, but I was unable
to get in contact with the creator of this model (a past SIT student who created this model for her own ISP
in May 2021). I then attempted to talk to the original author of this model (Dr. Leif Anderson; Anderson
et al., 2018) but was also unsuccessful in getting data in a reasonable timeline that I could incorporate into
my project. As such, the Model portion of my website remains unfinished. This is mostly due to time
constraints and communication issues outside my control. Admittedly, a not-insignificant piece is
definitely my attempt to include more pieces in my project than my time allowed for.
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My literature review was guided by my desire to properly contextualize the modeling portion of
my site. As such, I primarily investigated four topics: general glacial terminology, history and context of
Drangajökull (the glacier explored in the model), mathematical (climate) modeling, and climate.

Ethics
All of my sources are accurately referenced by in-text references with a full list at the bottom of
each page. There is a complete list of works cited on the About page. Any pictures without a caption
(header photos, tile photos) are taken with permission from Oddur Sigurðsson. All other pictures are cited
and can be found in the reference list.

Results
My completed creative ISP project can be found online at https://www.glaciersite.webflow.io. An
adapted version of the complete text from my website can be found in Appendix A, along with the
pictures and figures included in the site.

Conclusion/Discussion
As stated above, the purpose of my project was to clearly and effectively communicate the
purpose and concepts surrounding glacial modeling. I planned to couple this with an interactive online
glacial model, which would introduce an experimental learning element. With my literature review, I
wanted to fully contextualize this model and allow users to understand what they’re interacting with.
Many of these objectives were achieved; several were not.

Website layout and overview
My website is divided into two sections: Learn and Model. The Learn portion, in turn, has four
subsections (Glaciers, Drangajökull, Climate, and Modeling). These subsections help to break up the
content and guide the visitor through the site.
The Glacier subsection mainly aims to lay out the associated terminology with glacier science in
order to allow the reader to effectively interact with the rest of the content. The sciences tend to
incorporate unnecessary amounts of jargon to streamline explanations. In my project, I needed to use
several vocabulary terms in order to effectively discuss associated concepts, but I strayed away from
unnecessary and convoluted definitions. Topics covered include glacial formation, movement, types, and
evolution (accumulation, ablation, equilibrium line).
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The Drangajökull subsection was created to provide specific context for the glacier featured in the
modeling section. My objectives in this section were to outline why and how Drangjökull differs from
other Icelandic glaciers. It is both the shortest and most specific section.
Next there is a subsection regarding Climate. This section ended up being very broad because the
topics of climate and climate change are far too expansive for the scope of this project. Several papers and
infographics are linked to provide the reader with more in-depth context. The main struggle with this
portion was talking about climate and climate change specifically enough to make it relevant, yet broad
enough to fit within the temporal and spatial constraints I was working with. As a result, most information
is relevant to the discussion on climate change and glaciers, with little very broad knowledge. This
subsection has a (brief) climate overview, followed by discussions on how climate change affects glaciers,
glacial response to climate changes, and how glaciers play into the larger system that is global climate.
Finally, the site also discusses modeling. I anticipated this to be a topic with which fewer people
would be acquainted, compared to climate. As a result, I wanted to make the discussion start from the
beginning, with what a model is before talking about what it can do. As a result, I ended up using a lot of
analogies in this section and it reads slightly less formally than the others. I believe these things make it
more understandable since I am trying to convey entire ideas rather than mostly information.
The last parts of my website are the About page and the Model tab. The about page simply
provides a place for me to contextualize the project and house things that don’t belong elsewhere (a copy
of this paper, my full resource list, acknowledgements, etc.). The Model tab (distinct from the Modeling
subpage of the Learn tab) is where the user would be able to experimentally interact with the presented
glacial model. Due to a variety of factors, this part of the site did not come to fruition, as will be discussed
later.

Audience and accessibility
My project targets an audience who is interested in glacial modeling but does not assume any
prior knowledge in the field. This would most notably include most of my peers on similar study abroad
programs to mine, as well as citizen scientists. I catered to this audience through the information I chose
to include as well as how I included it. I compiled a full overview of everything I deemed to be necessary
to fully contextualize glacial modeling. I chose to explain all of this content in a way that assumes little
background knowledge and doesn’t go too far past the necessary information. This serves a twofold
purpose: by fully explaining everything, I don’t make people who are new to the subject afraid to interact
with the material for fear they wont understand; and by not over-explaining, I make sure my reader
doesn’t get lost in the (proverbial) sauce and miss the point entirely. One key part of this was the inclusion
of the gray explanation and definition boxes (shown in italics in Appendix A). The explanation boxes
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serve the purpose of providing clear explanations of confusing concepts (sublimation, DEMs, etc.) that
are not entirely related to the main point. This allows me to reduce confusion without interrupting the
flow of information.2 The definition boxes are simply for ease of information recovery and recollection. I
wanted to make sure the reader could find all the definitions of technical terms in a predictable place.
A second objective of mine was to make sure that my information was not only understandable to
my intended audience, but accessible as well. As such, my final website is available online, fully free of
charge. The majority of sources I used were open source as well, and should be accessible to any reader
regardless of institutional affiliation.

Limitations and future directions
As much as I’d like for my project to be everything I wanted it to be, that’s (of course) not the
case. The modeling portion is far less developed than I’d like it to be, and this is mostly due to my own
technological limitations regarding models. With the time constraints, I was not able to fully develop a
model of my own and I was not able to acquire someone else’s modeling data to use in my website.
Similarly due to the time constraints, I was not able to put all the information I’d like onto the Learn
portion of my site. Another limitation or consideration of how I structured the website is that by making
the language accessible to a wider audience, I may have lost some of the precision that technical language
provides. I was aware of this going into the project, and I chose my method regardless.
As a future direction, the main thing I’d like to work on is incorporating a working model into the
website. As a first step, I would have liked to add the results of a modeling run to the Model page, but in
the long term, I’d like to incorporate this model into the website so it can be real-time interactive for the
user. As a long-term goal, I would have loved to have multiple glaciers on the site so people can interact
with multiple systems and explore different types of glaciers (alpine vs valley, polar vs temperate, etc.).
There are also several written sections that, time permitting, I would love to have on the Learn
page. A section on culture and the intersection between Icelandic history and their glaciers would allow
me to contextualize my project in the land and culture where it is set. I would have loved to bring in how
glacial melt and changes to runoff streams etc. will affect communities that depend on those water sources
(see: Bliss et al., 2014). Expanding the section about Ok in particular would have also allowed me to
concretely talk about glacial death and how that mechanism works (both in terms of what that means for
the glacier and how we as humans define death in this context). I think going further on climate,
specifically talking about the IPCC and how their RCP/scenario framework allows for discussion of
possible futures, would strengthen the climate section as well.
2

Off the record, it also allows me (a chemistry nerd) to be satisfied with complete explanations of concepts like
sublimation, why pressure causes ice to melt, etc.
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The world we live in right now is changing. As time goes on it will change further still. Whether
the future holds glaciers is uncertain, but in order to understand the future we must first understand the
present. Glacial models help us to understand glacial patterns in context of their current and past behavior,
but they are nothing without people to contextualize them. As such, understanding glaciers, glacial
models, and climate are incredibly important, especially for younger generations. My online resource
aims to do just that: explain some of these concepts to an audience that will hopefully someday be able to
make an impact.
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Appendix A: the (academic) contents of my website (text and pictures, minus formatting)
Glaciers

Gígjökull, an outlet glacier of Eyjafjallajökull (Oddur Sigurðsson, 1992)
A glacier is a mass of ice formed from compacted snow that is large and heavy enough to move under its
own weight.
A glacier is distinct from an ice cap in that an ice cap extends radially and doesn't move in any particular
direction. Ice caps can contain smaller outlet glaciers (Oddur Sigurðsson, personal communication, 2021).
There are two main types of glaciers: surge type and non surge type. Surge type glaciers are not climate
sensitive and they surge forward at specific intervals. Each glacier has its own surge history and a pattern
for when it will surge, although this is not necessarily predictable (Björnsson et al., 2003).
Why do glaciers surge?
We don't really know! Surges are not fully correlated with bedrock type, geothermal areas, or outburst
flooding (Björnsson et al., 2003). Surges typically occur too infrequently and unpredictably to study two
surges from the same glacier. This makes understanding glacial surges just that much harder, as all
glaciers are different beasts. One theory finds a correlation between the slope of the ground underneath
the glacier and its type; most surge type glaciers are on gently sloping ground. A steeper slope of bedrock
allows the glacier to flow fast enough that there's not pressure buildup and release— no surges! (Clarke,
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1991; Björnsson et al., 2003). Others talk about hydrologic controls, geothermal correlation, basal
lubrication by meltwater during surges, etc. (Kamb et al., 1985; Fowler, 1987; for a more complete
discussion, see Benn et al., 2019). Whatever the mechanism, outlet glaciers' surges are responsible for a
good amount of the ice flow in an ice cap and impact the hydrologic environment of the glacier
(Björnsson et al., 2003).
Non surge type glaciers don't surge and respond to climate fluctuations on a yearly basis ("climate
sensitive"). Most glaciers are non surge type glaciers (Clarke et al., 1986).
Glaciers are also categorized based on their location. Valley glaciers are found in valleys; cirque glaciers
are found in cirques (scoop shapes on a mountainside, usually on the north side of said mountain). In
addition, glaciers can be temperate (refers to areas in which the temperatures are high enough so as to
allow the ice to be above freezing point), polar (where temperatures are always below zero), and
polythermal (in which parts of the glacier are above freezing and parts are below). The biggest functional
distinction between these types is that the inside of temperate glaciers is "wet." The higher temperatures
allows water to exist in liquid form even in the center of the glacier, lubricating movement. All of
Iceland's glaciers are temperate (Oddur Sigurðsson, personal communication, 2021).
Glacial Movement
There are two main types of glacial movement: plastic flow and basal slip. Plastic flow is the result of all
of the individual ice crystals in the glacier moving miniscule amounts. These miniscule movements add
up to large movements over large timescales. Basal slip operates on a simple principle: pressure lowers
the melting point of water, so with intense pressure, the ice crystals at the bottom of the glacier will melt
at a lower temperature than the rest of the area. This resulting liquid water allows the upper (main) portion
of the glacier to slide smoothly along the ground. Basal slip is characteristic of temperate glaciers
(Grotzinger and Jordan, 2006).
Why does ice melt more easily with increased pressure?
This peculiar behavior is due to the unique property of water that it expands as it freezes. As more
pressure is put on the system, the molecules want to take up as little space as possible. Usually this would
result in the solid form of the substance, but for water, liquid is the densest form and thus the most
favorable state at high pressures.
One additional feature of glacial movement is the formation of crevasses. A crevasse is a crack that forms
in the surface of a glacier as it moves over an irregular ground or brushes up against the sides of its
containing valley. To visualize this, let's say our glacier is a snickers bar. It has a hard chocolate (solid ice)
shell over a softer nougat/caramel (plastic ice) center (and all the rocks stuck in the ice are peanuts). If
you take the snickers bar and bend it, the caramel middle allows it to move in that way, but in order for it
to bend, the chocolate shell cracks. In a similar way, crevasses relieve stress on this solid outer layer and
allow the glacier to move according to the plasticity of its center (Haukur Ingi Einarsson, personal
communication, 2021).
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Teigardalsjökull (left) and Búrfellsjökull (right): two cirque glaciers (Oddur Sigurðsson, 2003)
How glaciers change
A glacier is formed in an area where snow sticks around all year round. This is either an area of very high
latitude (Greenland, Antarctica) or an alpine region where the high altitude keeps temperatures low. The
snowfall accumulates and compacts under its own weight into granular ice and then eventually into a
large mass of solid ice. This process of building the glacier is called accumulation. The glacier grows and
will move across the landscape, eventually reaching lower altitudes. The higher temperatures cause the
edges of the glacier to melt — this process of ice loss is called ablation. Ablation occurs in three main
ways:
as the edges of the glacier dip into lower elevations, they melt due to the increase in temperature
in areas where the glacier meets the ocean, proximity to the water causes the glacier to fracture and break
off in a process known as iceberg calving. This results in large volumes of ice loss very quickly
as ice is exposed to air it loses mass due to sublimation (this is a minute contribution to the total ablation)
What is sublimation?
Sublimation refers to the phase transition between solid and gas ("skipping" the liquid phase). Ice will
sublimate into water vapor, even at one atmosphere of pressure. Why? The reason for this is because all
systems tend toward chaos, a state of higher entropy (see: the second law of thermodynamics). In gaseous
form, the molecules of any substance are moving really quickly. This results in a lot of chaos— high
entropy! These same molecules are moving far slower in the solid form (low entropy). Thus, even though
the temperature would dictate the substance be in the solid form (temperatures below or near 0°C suggest
16

ice, not water vapor), a small portion of the solid sublimates into water vapor. A similar process happens
when you leave a cup of water on the windowsill— it will eventually evaporate even though you never
boiled it.
The interaction between the rates of accumulation and ablation every year is called the glacial mass
balance. This mass balance is used as an indicator of the condition of the glacier; if it has a positive mass
balance (accumulation > ablation), the glacier is advancing. If accumulation < ablation, the glacier has a
negative mass balance and it is said to be retreating or receding.
This mass balance fluctuates year to year, due to regional climate variation, but its behavior over longer
timescales tells a lot about the health of the glacier. A “healthy” glacier will have a mass balance around
zero (accumulation ≈ ablation). However, most glaciers today have a negative mass balance due to the
changing climate (Grotzinger and Jordan, 2006).
Glacial composition
As material lands on the top of the glacier, it compresses all of the material below it. This happens year
after year and eventually the oldest ice gets squished out of the bottom as it gets compressed from above.
The oldest ice is at the bottom of the glacier and at its terminus (the end).

A diagram showing the movement of material through a glacier (LeB. Hooke, 2005)
To visualize this, imagine we were to place a coin on the top of the glacier. It would get covered with
quite a bit of snow during the winter. Not all of this snow would melt in the summer, and then it would get
covered again the following winter, with each successive winter's snowfall pressing it deeper into the
center of the glacier. If we placed the coin onto one of the semi-vertical lines in the diagram below, it
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would follow the line's path, eventually ending up in the ablation area, near the terminus (Oddur
Sigurðsson, personal communication, 2021).


Sólheimajökull, 2007. The equilibrium line can be clearly seen as the black line midway up the outlet
glacier. (Oddur Sigurðsson)
Equilibrium line
The separation between the accumulation zone and the ablation zone is called the equilibrium line
(Grotzinger and Jordan, 2006).
Because of Iceland's volcanic activity, past ice is colored with the ash of volcanic eruptions. As a result of
how material moves through the ice mass, this ash shows up at the outward edges of the glacier (see
previous section). This is particularly helpful in identifying the separation between the accumulation
(white) and ablation (more often gray and striped) zones in Icelandic glaciers (Oddur Sigurðsson, personal
communiation, 2021).
A useful term when talking about glaciers is the equilibrium line altitude (ELA). This is, predictably,
simply the altitude at which the equilibrium line exists. A glacier's ELA will be different based on the
elevation of the glacier itself, but looking at changes in the ELA gives us information about the glacier's
health. If the ELA rises, then the accumulation area (found above the ELA) is shrinking and the glacier is
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most likely receding. Similarly, the growing accumulation area of an advancing glacier will lower its
ELA.
accumulation: the process by which the glacier grows (snowfall on the top of the glacier, compacting to
form ice)
ablation: the process by which the glacier shrinks, either through melting at the edge, iceberg calving, or
sublimation
basal slip: glacial movement in which the glacier slides on a lubricating layer of liquid water at its base
cirque glacier: a glacier found in a cirque (usually small)
crevasse: a crack in the surface of a glacier
entropy: a measure of how much disorder is in a system (higher entropy = more chaotic)
equilibrium line: the line between the accumulation and ablation areas
equilibrium line altitude (ELA): the altitude (usually given in meters above sea level or m a.s.l.) of the
equilibrium line.
glacier: a large mass of ice and snow, heavy enough to move under its own weight
(glacial) advance: the glacier is growing and gaining mass on an annual timescale
glacial mass balance: the ratio between the accumulation and ablation areas of a glacier; indicates
glacial health
(glacial) retreat: the glacier is losing mass and shrinking over the course of many years (also, recession)
iceberg calving: as the glacier interacts with water (typically the ocean or a glacial lagoon), large chunks
break off at a time
ice cap: a glacier that radiates outwards and has no single direction of flow
mass balance: the difference between accumulation and ablation (accumulation - ablation = mass
balance)
non surge type glacier: climate sensitive on yearly time scales; does not exhibit behavior characteristic of
surge type glaciers (see below)
outlet glacier: a directional glacier, usually part of a larger system involving an ice cap and several other
outlet glaciers
plastic flow: a type of glacial movement that relies on individual movements of ice crystals
polar glacier: in which all parts of the glacier are below zero degrees (Celsius)
polythermal glacier: a glacier for which some parts are above and some parts are below freezing
sublimation: just as ice turns to liquid water and liquid water turns to water vapor, ice turns to water
vapor at any temperature (albeit at a much slower rate)
surge type glacier: a glacier that moves forward very rapidly at a given interval; not climate sensitive on
yearly timescales
temperate glacier: a glacier in a climate where the temperature is hardly ever below freezing
terminus: the farthest edge of the glacier (away from the center); the "end"
valley glacier: a glacier found in a valley

19

Drangajökull

Drangajökull is the fifth largest ice cap in Iceland, located on the Vestfirðir peninsula in NW Iceland. In
2011, it covered 114 km² (Magnússon et al., 2016b). It has five outlet glaciers: Kaldalónsjökull,
Leirufjarðarjökull, Reykjarfjarðarjökull, Ljótarjökull, and Þaralátursjökull. The first three of these outlet
glaciers are surge-type; they have surged approximately every 50-80 years most recently. This behavior is
different than many other Icelandic surge-type outlet glaciers in that surges last 5-6 years as opposed to
months (Björnsson et al., 2003).
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Drangajökull's three surge-type outlet glaciers and their recent surge history (Björnsson, 2003
History and characteristics
The Vestfirðir peninsula is climatically distinct from the rest of the island, and thus its past glaciation
history has been debated (see: Anderson et al., 2018). The Vesfirðir peninsula was glaciated into the
Holocene (Anderson et al., 2018; Brynjólfsson et al., 2016; Schomacker et al., 2016; Harning et al.,2016a
& b). The extent to which this is true, for Drangajökull in particular, is not settled. Some authors argue
that Drangajökull persisted through the Holocene (Schomacker et al., 2016). Others believe the Vestfirðir
peninsula was completely deglaciated by ~9 ka BP (Harning et al., 2016a & b, Brynjólfsson et al., 2015,
Anderson et al., 2018). Personally, I doubt it persisted through the Holocene.
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Around 2000, Drangajökull was measured to have an area of 160 km² and a mean ice thickness of around
150 m. In contrast, for the same time period, the next largest glacier (Mýrdalsjökull) had an area of 590
km² and its mean thickness was 240 m (Björnsson and Pálsson., 2008). It's one of Iceland's "five largest
ice caps" but it is much smaller than the other four. In addition, it has the lowest equilibrium line altitude
(ELA) of any Icelandic glacier (Björnsson and Pálsson., 2008). The local temperatures (which are
dependent on the sea surface temperatures and northeasterly winds) allow it to exist at such a low altitude,
so close to the ocean (Harning et al., 2016b, consistent with the findings of Crochet et al., 2007).


Glaciers in Iceland. General features. (adapted from Björnsson and Pálsson, 2008)
Because of the inverse relationship between altitude and temperature, Drangajökull's anomalously low
ELA makes it very temperature sensitive. Many instances of the glacier's rapid expansion during the Little
Ice Age can be found in historical records because of the devastating impact it had on the people living
nearby (Björnsson, 2017). Through modeling-based exploration, Anderson et al. found that if the average
temperature dropped by 0.5°C, the ice cap would grow to cover the entirety of Vestfirðir. In the same
breath, average temperatures rising by 1°C would result in the disappearance of Drangajökull entirely
(Anderson et al., 2018). This sensitivity to temperature makes both its past behavior and its future
projections an interesting case study for climate change.

Climate
Climate change: an overview
One of the most confusing distinctions when talking about climate change is that between regional
climate variations and global climate variations. Regional climate refers to the local weather patterns in a
small area (a region). In contrast, global climate patterns refer to larger patterns that are seen globally,
independent of regional climate variations. "Climate change" is talking about a large-scale, global pattern
of warming and the effects associated with this pattern. It's not referring to the one really hot day last July,
and it cannot be disproven by one or two cold winters.
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The trend in atmospheric CO₂ as measured from the Mauna Loa Observatory, as of October 2021. Visit
their website for a more updated version of the figure as time passes and CO₂ levels continue to rise. (US
Department of Commerce, 2021)
The climate has been steadily warming since the 1950s. In October of 2021, the Mauna Loa Observatory
measured the atmosphere to contain 413.93 ppm of CO₂ (US Department of Commerce, 2021). This
increase in atmospheric CO₂ levels is unquestionably attributable to anthropogenic (human) sources (see
Myhre et al., 2013 for a more complete discussion).
Glacial response to climate variations
Melting and retreat are normal glacial responses to natural variations in climate. However, the retreat rates
of glaciers in the past couple decades are an undoubted result of anthropogenic forcings. From 1851-2010,
human activity accounted for 25 ± 35% of glacial mass loss, and this increases to 69 ± 24% if we look at
1991-2010 (Marzeion et al., 2014).
Our changing climate is a double-edged sword: temperatures are warming and precipitation patterns are
changing. The increase in temperature increases the rate of ablation. More precipitation will fall as ran
instead of snow, regardless of the amount of precipitaiton (ex. Mote, 2003). These two factors combine
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and the glacier is now shrinking faster and growing slower. The glacier also loses mass in two main ways:
increased ablation (mostly at the edges) decreases total surface area, and decreased snow precipitation
results in a thinner mass as the glacier flows in its normal way.
Icelandic glaciers show slower rates of thinning than the global trend, but they still fit into the larger
picture of thinning from 2000-2004 (Hugonnet et al., 2021). From the beginning of the 21st century to
2008, Hofsjökull is losing mass at three times the rate it was from 1986-1999 (Jóhannesson et al., 2013).
If the climate persists as it has been, small glaciers such as Eyafjallajökull, Tindfjallajökull, and
Torfajökull will most likely not last more than a couple decades (Jóhannesson et al., 2013).
Glacial contributions to climate change
One might be tempted to play glaciers as victims of a warming climate. This is true, to some level, but
glaciers are part of this same global system and the natural cycles that regulate climate are still at play.
Glaciers are impacted by the changing climate, yes, but they are still players in the game.
Glaciers play a big role in regulating the global temperature. Dark colors absorb light; light colors reflect
it. Uncovered glacial ice reflects light and heat back into the atmosphere— this property is called albedo
(high albedo = a lot of reflection). Just as wearing a black shirt on a hot day makes you warmer, a layer of
black dust on top of a glacier decreases albedo and warms the glacier (Shakya et al., 2000). As the
glacier's surface melts, the small rocks, ash, and dust stuck in the ice are left behind (rocks can't
evaporate) and it accumulates on the surface. This is a positive feedback loop, since the accumulation of
dust is caused by rising temperatures, the black dust absorbs light, melting the glacier and warming the
climate. The temperatures continue to rise and the glaciers continue melting.
How thick is too thick?
An interesting caveat regarding this glacier dust is that the effect of the dust is determined by the
thickness of the layer. A thin layer (1-2 mm thick) will decrease albedo, but once the dust reaches a
critical thickness (10 mm) it begins to insulate the snow beneath it, keeping it from melting (Möller et al.,
2016).
A second consequence of glacial melt is the corresponding rise in sea level. This discussion usually
focuses on the Greenland and Antarctic ice sheets (larger, continental ice masses that are more substantial
contributors) but glaciers also add fresh water to the ocean as they melt. During the period from
2000-2019, glaciers accounted for 21 ± 3% of sea level rise (Hugonnet et al., 2021).
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The extent of Okjökull from 1890 (red) to 2004 (purple). (Icelandic Meteorological Office, 2019)
Ok(jökull): the future comes to meet us
Climate mitigation strategies will do little to prevent glacial melt and retreat in the short term. Due to past
emissions, 38 ± 8% of glacier mass loss is already committed (Marzeion et al., 2018). Mitigation
strategies become more effective when a longer time period is considered, but even long-term strategies
would have to be quite aggressive to impact current trends (Marzeion et al., 2018).
Okjökull was a small glacier in Southeastern Iceland until it was declassified as such by Dr. Oddur
Sigurðsson in late 2014. Its name today is simply "Ok," without the Icelandic word for glacier (jökull) on
the end (Icelandic Meterological Office, 2019). In 2019, a plaque titled "A letter to the future" was erected
at the site of the glacier, reading in both English and Icelandic, "Ok is the first Icelandic glacier to lose its
status as a glacier. In the next 200 years all our glaciers are expected to follow the same path. This
monument is to acknowledge that we know what is happening and what needs to be done. Only you know
if we did it" (O'Dowd, 2019).
It's a starkly bleak message, although perhaps one that we need to hear.

25

A letter to the future (Rice, 2019)
albedo: the property of a surface to reflect light (and also heat); high albedo is a high reflectivity
anthropogenic: (adj) being caused by humans
climate change: referring to the anthropogenically-induced changes in climate that have been steadily
exponentially increasing since ~1950
forcing: (noun) a factor that contributes to the climate in some way
global climate: weather and temperature patterns seen on a large, worldwide scale
regional climate: weather patterns seen locally

Modeling
What is a model?
A model is simply a way to characterize a system. There are many different kinds of models, both
physical and abstract. A model airplane is an example of a model! It mimics a real airplane "system" by
recreating all the parts in miniature form. If an engineer wanted to test the structural stability of a building
during earthquakes, she could build a perfect small-scale model of the same building and then shake the
table at different speeds and frequencies to determine how and when the building might collapse. I don't
know about you, but I'm glad there's a better way to do this. Far more often, engineers will rely on a more
abstract computer model to simulate this situation.
We are actually very familiar with this abstract kind of model, too: word problems in elementary school
math class! "If I have twelve apples and I give my sister seven apples to make a pie, how many apples do
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I have left?" We'd simplify this real-world scenario to a simple (abstract!) equation. 12 - 7 = 5. And then
we'd take the result of this abstract model (5) and translate it back into the real world: I have 5 apples left.
This kind of word problem gets more complicated as you get into high school and beyond ("Let's say my
swimming pool is being filled at a rate of 4 cm³/s, but it is leaking at a rate of 2.4 cm³/s. It's a hot day and
the water is evaporating at a rate..."), and they don't stop getting complex after high school. In fact, they
keep getting more and more intricate: these are mathematical models.
Why use models?
Scientists like to ask questions. And to answer these questions, scientists like to run experiments.
Occasionally, there comes a question that cannot be feasibly answered by any kind of experiment. A
scientist may want to know what's going to happen to the permafrost in the Arctic in 70 years (Grant et
al., 2019) or how the ocean patterns affect seasonal sea ice cover and distribution (Hibler and Bryan,
1987). It doesn't make sense to wait around for 70 years to observe the permafrost in the Arctic, and the
ocean-ice system isn't an easy one to manipulate.
This is where modeling comes in! With models, we can simulate systems and scenarios that are
impractical or unfeasible to create experimentally. They are particularly useful for really long timescales,
investigating things that happened in the past, and working with systems that are too big to work with. A
model is made of a series of mathematical equations that aim to describe what would happen in real life.
It starts with only a few equations and as it gets more complex, more equations are needed to describe the
situation.
The use of grounding data
Since models aim to recreate scenarios that cannot be captured with real life data, they are by definition
removed from the actual scenario. This becomes a problem when trying to use the model to get insight
about the actual situation. If you don't know that your model reflects reality, you can't trust that it'll give
you meaningful information.
To combat this problem, models are created with parameters, which are static input values that give the
model a place to start. These parameters are what allows the model to (hopefully) accurately reflect
real-world conditions.
For example, consider a model that predicts the temperature next week. For a week in the spring, it
predicts a 3°C increase in the maximum temperature for the day a week from now. This only means
anything if we know the temperature today! Without that initial value of today's maximum temperature,
the +3°C change in temperature gives us no meaningful information. The temperature next week could be
25°C, but it could also be -2°C. When we tell the model that the temperature today was 11°C, then we feel
much better knowing that the predicted maximum temperature for next week is 14°C.
Similarly, feeding the model past temperature data and trends helps it to "check" its predictions against
what has actually happened in the past and can give us higher confidence in the model's output.
There are several common ways this past data is collected for glaciers and glacial models. Things (ice
bubbles, organic material, etc.) trapped in the ice of a glacier provide information about past atmospheres
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(ex. Feng et al., 2019; Uglietti et al., 2016; Thompson et al., 2003). Ash layers can be radiometrically
dated to provide data about Measuring lichens near a glacier tells us how old they are and this gives hints
as to when the glacier was last covering the area. (Evans et al., 2019; Calkin and Ellis, 1980).
Digital Elevation Models (DEMs)
One piece of data that's really important in terms of creating glacial models is the shape of the glacier. A
model that will behave like the glacier in question needs to look like its real-world counterpart! How do
we determine this? One way is to make a Digital Elevation Model — a DEM. This is created by way of
using radio waves to "see" the bedrock profile underneath the glacier and get a picture of what the
underlying ground looks like (ex. Magnússon et al., 2016a). Mapping the bedrock is only half the battle,
though. Satellites are commonly used to map the surface profile of the glacier (ex. Belart et al., 2017;
Foresta et al., 2016). These kinds of measurements (this is not an exhaustive list by any means) give us a
DEM for the glacier which is a great starting point for any modeling work.
Certainty in modeling output
Hearing the phrase "confidence," or worse, "uncertainty," when discussing the results of a model is
certainly off-putting and might lead you to think that the model is untrustworthy or just flat out wrong.
This is not the case! Words like "confidence" and "uncertainty" are referring to the fact models output
predictions. To "have confidence in a model" means that you are confident that if you run the model again
(give it all the same starting parameters and let it simulate the future again) it will produce the same
answer.
It might also be off-putting that a mathematical equation will give different answers when you solve it
over and over again. After all, this usually means you're doing something wrong, right? Not in this case.
Models aim to simulate natural environments. Natural systems don't always follow a predictable pattern!
Have you ever seen sun in the weather forecast, gone outside, and were met with rain? We aim to
correctly predict how these systems will act in the future, but we never know for sure, and we have to
acknowledge that (see Gettleman and Rood, 2016 for a more complete discussion on climate, uncertainty,
and modeling).
Equilibrium
One of the main pieces of information we get out of glacial modeling is not necessarily what the behavior
of the glacier will be, broadly. We know enough at this point to understand that due to climate change, the
glaciers are shrinking, thinning, and disappearing (see: Ok). The question is rather how they are changing.
By looking at the specific projections of the models we can understand how the glaciers are responding to
the warming climate and what their eventual behavior will be.
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A visual depiction of stable equilibrium (the ball always settles at the bottom of the curve)
Some things to understand in this whole discussion of glacial modeling are the concepts of equilibrium
and tipping points. Equilibrium occurs when the glacier has a net zero mass balance — neither shrinking
nor growing. Many systems in nature have a similar point where the system is stable.*
This particular state of being can be thought of as a ball sitting at the bottom of a U-shaped curve. If you
displace the ball from the bottom of the curve, it moves from side to side, but because of gravity it will
always eventually come back to the center. This is how we can imagine a glacial system. It has a stable
size and is able to withstand a really warm day or a really big snowfall (small disturbances, akin to
moving the ball a little bit left or right) without changing its size too much. The system can take care of
and regulate itself.
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The tipping point: once the ball has been moved out of the bowl, it cannot return
Tipping point
However, if we now "zoom out" on this U-shaped curve, we see that it is more like a bowl, with edges. If
you give the ball a little push, it will still rock back and forth and eventually return to its original position.
But if you give the ball a big enough push, it’ll go over the edge of the bowl and drop onto the table. This
is, perhaps, a better visualization for our glacial system. Each single warm or cold day is one of these little
pushes, something the glacier can recover from and return to equilibrium. The warming climate is perhaps
better imagined as a larger push. The warming global temperatures we see today are more than just “one
hot day.” A disturbance of this magnitude to the glacial system pushes it even out of the range of
equilibrium, past a tipping point. In our analogy, this was the edge of the bowl, because no matter which
way you push the ball on the table, you can’t get it back into the bowl (assuming that lifting the ball
requires more energy than we have). For the glacial system, the tipping point is the point at which the
glacial system has been so disturbed that it has found a new state of equilibrium: extinction.
Many glacial models concerned with the future behavior of a glacier are finding when a system will reach
this tipping point, if it hasn't already (ex. Trüssel et al, 2017; Gao et al., 2018).
*note: there are multiple types of equilibrium, but the type with the most relevance to natural systems, and
the main type considered here, is stable equilibrium.
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equilibrium: a state of being characterized by stability; any small disturbances away from this point
cause the system to return here eventually
model: a simplified version of a system, used to understand how parts of the system interact with each
other and the world around it
parameters: static values that guide a mathematical model and often are what allow the model to be
contextualized in real-world data
tipping point: the “point of no return” — the point beyond which a system is no longer able to return to
its original equilibrium state. typically a system will settle at a new equilibrium state after passing a
tipping point.
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